The contribution presents the results of geothermic interpretation approaches applied to measured geothermal data and is focused to determination of the thermal conditions both for application of classic hydrothermal sources exploitation and specialized EGS technologies for electricity production in the region of Slovakia and adjacent areas. Primarily, the heat flow density data and the temperature distribution measurements in boreholes were interpreted by classic 1D interpolation and extrapolation methods. New terrestrial heat flow density map for the studied area was constructed using the values determined in boreholes, their interpretations, the newest outcomes of geothermal modelling methods based both on steady-state and transient heat transfer approaches, and on other recently gained geoscientific knowledge. Thereafter, we constructed the maps of temperature field distribution for selected depth levels up to 6000 m below the surface and the final map of the isothermal surface depths for the reservoir temperature of 160
Introduction
The temperature of the acquired liquid medium on the Earth's surface represents the basic determining criterion of the geothermal energy utilization for a wide spectrum of approaches, namely the classic hydrothermal systems, the hot wet rock (HWR) systems, and the pure petro-thermal systems based on the hot dry rock (HDR) concept. In recent times the evaluation of the regions of the potential geothermal energy sources is made mainly according to temperatures required for the electric energy production minimally by binary cycles (Kalina cycle, Organic Rankine cycle or others). This responds to the criterion of the minimal reservoir temperature. Sustainability and restorability of the thermal conditions in the geothermal source throughout its utilization is also an important factor for the appraisal of the source area. It results mostly from the high regional heat flow density values and/or from the sufficient heat capacity of the local geological structure with higher heat production.
The second criterion for the classification of geothermal regions has a technical and economic nature. It is represented by the depth at which the required reservoir temperature is safely and effectively reachable by present day drilling methods. Nowadays the depth of 5000 m is considered the maximum reasonable value.
The third criterion for the utilization of geothermal sources of the HDR or the HWR type is related both to the structural and lithological conditions suitable for creation of the artificial underground heat exchanger as a part of the enhanced geothermal system (EGS).
The studied region of Slovakia ( Fig. 1) is situated in the northern part of the Carpathian-Pannonian region. The great part of this region belongs to one of the very promising parts of Europe suitable for geothermal energy exploitation Geoelec, 2013; 2016) .
Activities related to geothermal energy source prospecting in Slovakia were devoted to some selected localities, but comprehensive studies of the whole area of Slovakia have also been published. The existing knowledge was concentrated and analysed mainly in the Atlas of geothermal energy of Slovakia (Franko et al., 1995) . This important publication presents a summary of the research results from a period of more than two decades of the authors and other scientists working in this subject field as well. Among other problems it also evaluates the thermal, geological and hydrological conditions for geothermal energy, thermal capacity of sources and defines a basic selection of regional to separate source areas. The atlas, mentioned above, becomes the data and cartographic basis for subsequent geothermal energy studies in the region of Slovakia. The prospection and applications were aimed mainly at hydrothermal sources (Král et al., 1985; Franko et al., 1986; Franko et al., 1995; Remšík and Bodiš, 2010; et al., 2011 and plenty of other publications from partial geothermal localities in Slovakia). The research activities in Slovakia were less focused on the problems of obtaining energy by the HDR and HWR approach. Beside some methodologically and technically specialized works (Zembjak, 1989; Vranovská, 1993; Masaryk, 2009 ) various local analyses were accomplished. They were related mainly to the Beša-Čičarovce structure (Franko et al., 1986; Rudinec, 1989; Franko et al., 1995; Masaryk, 2008) . In the recent years some projects of geothermal energy exploitation by EGS systems were prepared in localities of both the Danube Basin and East Slovakian Basin, but they have not been implemented up to now.
Our contribution aims to determine the thermal conditions for the geothermal energy utilization in the electric energy production within Slovakia and adjacent areas. That means it is necessary to estimate the depths where rock temperatures are suitable for production of electric energy minimally by the binary cycle technologies. Theoretically, the reservoir temperatures of about 130 • C are sufficient for this purpose. However, for the reasonable economic exploitation of geothermal energy it is necessary to consider the subsurface temperatures at the level of 160 • C.
Methods
This contribution arises from the knowledge provided in Franko et al. (1986) and in Franko et al. (1995) . It enhances the results both by the enlargement of the studied area (Slovakia) and by application of the newest geothermal data, structural and tectonic knowledge, and results from geothermal modelling approaches.
The connection with the above mentioned publications also exists in the methodological field. The starting models of the thermal state of the upper parts of the upper crust were constructed from the actual geothermal measured data and by the application of methodical principles utilized in the "Atlas of geothermal energy of Slovakia" (Franko et al., 1995) . Both the interpolation and the "short distance" extrapolation methods based on 1D solutions of the heat transfer problem in heterogeneous media were used as a basic approach. We constructed the starting geothermal models using these methods. Similarly to the paper (Majcin et al., 2016 ) these models were supplemented by existing results of the geothermal modelling made for the studied region both for steady state (Čermák and Bodri, 1986; Bielik et al., 1991; Majcin, 1993) and transient thermal regimes (Kutas et al., 1989; Majcin and Tsvyashchenko, 1994; Majcin et al., 1998; Tarasov et al., 2005; Majcin et al., 2014; Kutas, 2014; Majcin et al., 2015) approaches and by so-called integrated modelling approaches (Zeyen et al., 2002; Dérerová et al., 2006 Dérerová et al., , 2012 Dérerová et al., , 2014 Bielik et al., 2010; Grinč et al., 2014; Hlavňová et al., 2015) .
When finalizing the geothermal models we utilized both the qu alitative and quantitative analyses as well as methodical conclusions from study of refraction effects carried out on the contrast conductivity structures together with consideration of the earth's surface topography (Majcin, 1992; Majcin and Polák, 1995; Hvoždara, 2008; Jaupart and Mareschal, 2011; Majcin et al., 2012; Hvoždara and Majcin, 2013 , and others) and additional models of temperature fields for structures approximating the real conditions in the Western Carpathians and surrounding units.
The mathematical-physical problems solved within the contribution (Fig. 2) can be universally described by a heat conduction equation and additional conditions:
where T (x, y, z, t) is the temperature at the point X(x, y, z) and the time t, k(x, y, z) is the thermal conductivity coefficient in the point X, c(x, y, z) is the specific heat coefficient, ρ(x, y, z) is density, A(x, y, z) is the heat production coefficient, z S (z H ) is the vertical coordinate distribution for upper (lower) model boundary, T S (x, y, t)(T H (x, y, t)) is the temperature distribution at upper (lower) model boundary at the time t, q S (x, y)(q H (x, y)) is the vertical component of the heat flow density distribution at upper (lower) model boundary, L, M are the horizontal dimensions of model in direction x, y and T 0 (x, y, z) is the initial temperature distribution within the model for transient heat transfer problem. The configuration of additional conditions (2a)- (5) depends on the type of solved problem. Practically all model problems contain lateral boundary conditions with zero lateral heat flow density in x or y direction (3a), (3b) on the sufficiently distant boundaries from the region under study. The thermal continuity conditions (for both temperature distribution and heat flow densities) are fulfilled in all models and in the utilized numerical approaches.
The refraction problems used the temperature distribution on the surface (2a) and simple distribution (constant or linear in any direction to describe regional trend) of the vertical component of heat flow density at the lower boundary (4b). The lower boundary of refraction problems is usually equal to a plane placed at the determined depth (z H = H).
The direct problems of steady state heat transfer in real world conditions are solved with surface condition (2a) and with condition (4a) or (4b) at the lower boundary. The direct transient problems use the condition (5) as the initial temperature distribution within the model. The inverse geothermal problems use the heat flow density distribution as the main model quality parameter. The measured data and calculated model data are compared. For some special cases we also utilized model temperature distributions for interpretation of known data. The temperature distributions within the model in transient regime were also utilized for model acceptability in relation to various geological thermometers, volcanism development and with additional calculations also for tectonic evolution events influencing the thermal state of the lithosphere (e.g. thermal subsidence, rheology, . . .).
The numerical calculations of the temperature fields for geothermal and tectono-thermal interpretations were carried out for both the steady state and transient regime of the heat transfer equation. Derived math-physical tasks in bounded 2D/3D areas were solved by means of finite difference methods and/or by finite element approaches (using the COMSOL Multi-physics R modelling software with the Heat Transfer Module). The finite difference methods were programmed by the authors. The method of the steepest descent (Samarskii and Nikolaev, 1978) with alternating direction sweeping algorithm was utilized for the solution of grid equations in steady state heat transfer problems (Majcin, 1982) .
For both the interpretation of measured data in boreholes and geothermic models of local structures, we used in preference the existing thermal conductivity parameters and heat productions determined from core samples. Otherwise we utilized the mean values for the lithological (eventually also stratigraphic) aggregates of rock complexes (Vaňková et al., 1979; Král et al., 1985; Jančí and Král, 1986; Husák, 1986; Husák and Král, 1986; Jančí and Král, 1990; Jančí, 1992; Majcin, 1993; Kutas and Gordienko, 1971; Kutas et al., 1989; Grytsik et al., 2007; Kutas, 2014) .
The determined terrestrial heat flow density (THFD) data, interpretations and constructed distributions for the studied area became the basic building information for our map. We used the data from the international "Global heat flow database of IASPEI" (2011) and local data from countries lying in the studied region. The heat flow density data and borehole temperature distributions from the Slovak and Czech part were published in plenty of partial studies and summarized in publications (Čermák, 1979; Král et al., 1985; Rudinec, 1989; Král, 1991; Čermák et al., 1992 and Franko et al., 1995) . These publications also contain the interpretations of geothermic data in the form of the terrestrial heat flow density distribution, temperature distribution maps both at various depth levels and on cross sections within the upper parts of the upper crust. The Hungarian heat flow density values determined by Dövényi et al. (1983) and Dövényi and Horváth (1988) were interpreted by Lenkey et al. (2002) and Kovács et al. (2011) . The subsurface temperature distribution maps from the Hungarian region were constructed in the projects "Altener II" (2005) and in the "Transenergy" (2013) project with data from studied regions of Slovakia and Austria as well. The heat flow density distribution map for the Danube basin was taken from an interpretation made in Majcin et al. (2015) .
The Ukrainian heat flow density and temperature distribution data were measured and evaluated in Kutas and Gordienko (1971) , Buryanov et al. (1985) , Gordienko et al. (2002) , Gordienko et al. (2004) and recently in Kutas (2014) . The resultant maps for the Transcarpathian depression and surrounding units constructed in Majcin et al. (2016) were included in our current contribution. The set of the geothermal data in the studied region is completed by the results from its Polish part (Majorowicz and Plewa, 1979; Plewa et al., 1992; Gordienko and Zavgorodnyaya, 1996; Karwasiecka and Bruszewska, 1997; Wróblewska, 2007; Górecki, 2013) .
In addition and as complementary information, we have utilized the results of some synthetic works which tried to interconnect the selected geothermal data (most of them using the terrestrial heat flow density data) over wider areas containing our studied region (e.g.Čermák and Hurtig, 1979; Hurtig et al., 1992; Lenkey et al., 2002; Wybraniec, 2008) .
The complete model of the depth distribution for the 160 • C temperature isosurface was constructed both from the terrestrial heat flow density map and from the supporting maps of the temperature distributions at selected depths of 2000, 3000, 4000, 5000 and 6000 m below the surface (selection depends on the thermal activity of the concrete area of the region under study). We used the data from 396 deep boreholes for supporting temperature maps in the region of Slovakia. Some work maps used for construction of the final map will be presented in the results part.
The terrestrial heat flow density plays the role of basic indicator for the appraisal of the geothermal suitability of geological structures for utilization of energetic potential accumulated in the upper crust.
Results
The Slovak THFD values, used here for the analyses, were determined in 155 boreholes. The data represent practically all the basic structural-tectonic units of the Western Carpathians and the northern offsets of the Pannonian Basin as well. The constructed terrestrial heat flow density distribution map is shown in Fig. 3 together with the main surface structural boundaries and faults.
The determined heat flow density values for boreholes within the studied area of Slovakia span the interval of 40-130 mW/m 2 (Table 1 ). In general, the THFD increases across the structures of the Carpathian arc from the outer Carpathian units toward the Pannonian basin units.
The greatest heat flow (values of THFD greater than 120 mW/m 2 ) ex- (Lexa et al., 2000) .
ists in the eastern part of the East Slovakian Basin -Trebišov Depression. Values greater than 100 mW/m 2 were observed in the prevailing part of this basin. Heat flow density over 100 mW/m 2 is also typical for the central part of the Central Slovakian Neovolcanics. THFD values greater than 90 mW/m 2 were determined in Gabčíkovo Depression in the central part of the Danube Basin. The smallest heat flow densities with mean value of 55.0 ± 10.2 mW/m 2 characterize the thermal state in the area of the Vienna Basin. The terrestrial heat flow densities below the value of 60 mW/m 2 were also observed in the western part of the Outer Carpathian Flysch Belt and moreover they are typical for the Tatra Mts. as well as for mountain regions in the Central part of Slovakia. The eastern part of the Outer Flysch Zone is characterized by THFD values between 70 and 80 mW/m 2 . In other regions of Slovakia, the thermal activity is average with the heat flow density data predominantly within the range of 60 -70 mW/m 2 .
The final map of the terrestrial heat flow density distribution in Slovakia and adjacent areas predicts the selection results of regions suitable for the utilization of geothermal energy in the electric power production. It deter- Table 1 . Heat flow density values in the region of Slovakia. N -number of data, q minminimal value, q max -maximal value, q mean -mean heat flow density value and standard deviation for selected geological unit.
Geological unit
Heat mines mainly the parameters of thermal renewability of source areas. Some constructed supporting maps of the temperature distributions in the most important regions and in selected depths are displayed on the maps in Fig. 4 . The depth distributions of promising areas for reasonable economic exploitation of the geothermal energy by the binary cycle technology (reservoir temperatures of 160 • C) are plotted with the step of 500 m (Fig. 5) . The East Slovakian Basin with the flanking Prešov Depression is the most perspective area in the region of Slovakia regarding the thermal conditions. In the prevailing part of this structure the temperature of 160 • C is reachable at depths of up to 4000 meters. In the central part of the Trebišov depression the depths of the considered temperature isoplane would be smaller than 3500 m. Furthermore, in the SE part of the Trebišov Depression the isosurface depth is supposed up to 3000 m. This was confirmed by direct temperature measurements in deep boreholes in the structures of Ptrukša and Stretava. High quality temperature conditions also exist in the Mukatchevo Basin and are manifested mainly on the NE and SW borders of the basin.
The temperature of 160 • C is reachable at the depth of 4000 m or less also in the central part of the Danube Basin both in Slovakia and Hungary. From the technological and economic point of view it is also possible to con- sider regions with 160 • C temperature existing at depths of up to 5000 m. This condition is fulfilled at the substantial part of Slovakia. It includes particularly the southern parts of western and central Slovakia (except the Komarno High Block formation area) and the broad area of eastern Slovakia. Here it is also necessary to mention the central part of the Vienna basin, central area of the Central Slovakian Volcanics together with theŽiar Depression, and the partial areas along the axis of the Carpathian Conduc- • C for effective application of the binary cycle power plant technology in Slovakia and adjacent areas. Basic structural scheme (Lexa et al., 2000) . The depths of the isothermal surface are plotted with the isoline step of 500 m.
tivity Zone in the most Eastern part of the Outer Carpathian Flysch.
The Western Carpathian mountain ranges of central and northern Slovakia, the Inner Carpathian Palaeogene depressions, and also the NW part of Slovakia are not considered promising areas for the exploitation of geothermal energy for electricity production. The temperature of 160 • C will be reached there only at depths exceeding 5500-6000 m.
Conclusion
Slovakia is one of the promising areas for the exploitation of geothermal energy in the form of hydrothermal sources and also as the hot dry/wet rock sources. The region is characterized by complicated tectonic evolution and a resultant structure with relatively high thermal activity. In consequence, the applied geothermal interpretation methods utilize both stationary and transient heat transport modelling approaches. The 1D modelling methods (Franko et al., 1995) were applied mainly for interpretation of data measured in boreholes (interpolations between measurements and extrapolation for short distance). The main geothermal modelling approaches solve the problems in real 2D/3D environment and in both regimes: steady state and transient. The math-physical problems are solved by numerical approaches of finite difference method and finite element method.
The final constructed map provides the information that the terrestrial heat flow density varies typically within the interval of 50-120 mW/m 2 with some extreme values outside this range. Our contribution presents the new map of THFD distribution for the studied region of Slovakia and surrounding areas based both on measured and modelling results.
The heat flow density values in localities suitable for geothermal energy exploitation from the thermal and technical point of view are normally higher than 90 mW/m 2 . The new THFD map, temperature distribution in boreholes, their interpretation, newest outcomes of geothermal modelling methods, and other recently gained geoscientific knowledge were used for the construction of the temperature distribution maps at various depth levels below the Earth's surface and finally, for the isothermal surface of the geothermal source temperature 160 • C. This map provides the basis for selection of source areas for technologically and economically convenient utilization of the geothermal energy for electricity production minimally by application of binary cycles technologies. The perspective regions both for classic hydrothermal source types and for petrothermal sources with 160 • C deep source temperature existing at depths of up to 5000 m include a substantial part of Slovakia. However, it is not reasonable to exclude other regions with lower temperatures at the depth of 5000 m because they could be utilized for other energy purposes such as heating. The final depth distribution map for the temperature of 160 • C will be used for further selection of suitable areas according to other criteria most of them by the lithological content of structures at determined depths or in other words whether the media are suitable for construction of artificial underground heat exchangers as a part of the enhanced geothermal system application.
Both the heat flow density and temperature distributions constructed in our paper contribute to the enhancement of knowledge about the thermal state and energy balance of the lithosphere in the Western Carpathians and surrounding geological units. Moreover, these results can be used as the check parameters both for the classic geothermal, integrated, and tectonothermal modelling approaches and for the solution of inverse problems in the geothermics and other geosciences as well.
